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FIG. 1: Schematic diagram of the experimental setup.
The source-scintillator assembly was placed between two
pieces of 1 cm thick SiO
2
aerogel, which was used as Ps
formation medium [10]. The macroscopic density and





and about 5 nm, respectively.
Most of the positrons from the source pass through the
scintillators and give scintillation lights. The lights pass
through the transparent SiO
2
aerogel and are directed to
a photomultiplier tube(PMT) by a light guide. A -ray
emitted when a positron annihilates was detected by a
high purity Ge detector. The output of the Ge detector
was fed to a timing-lter-amplier(TFA). The time inter-
val between the anode signal of the PMT and the output
of the TFA was converted into an peak amplitude of an
output pulse by a time-to-amplitude converter(TAC) and
used for the lifetime spectroscopy. The other output of
the Ge detector was processed by a shaping amplier and
the peak hight was recorded for the energy information.
The observed energy region was limited in the neighbor-
hood of the 511 keV peak by a biased amplier. All the
data were stored in the list mode.
A 2 mm thick Pb sheet was placed in front of the Ge
detector to prevent low energy scattered -rays from si-
multaneously hitting the Ge detector.
The time resolution was 4.8 ns(FWHM), and




The chamber was lled with O
2
of purity 99.9995%
to 1.05 atm after evacuating it with a turbo molecular
pump, and then isolated from the rest of the gas handling
system. The measurement lasted for 16 hours. During
the measurement, the room temperature was controlled
to be 25:5  0:5
Æ
C. For data analysis, a measurement
without a gas was also made for 16 hours.
III. RESULTS AND DISCUSSION





































FIG. 2: The time spectrum for the energy range from 500 keV
to 516 keV. The closed circles show the time interval distribu-
tion between a positron emission and the eventual annihila-
tion. The closed triangles show the ttd  as a function of the
start point of the t. The energy spectra of the 511keV-rays
in the time windows (a), (b), and (c) are shown in Fig. 4.
The closed circles in Fig. 2 show the positron lifetime
spectrum for the energy range from 500 keV to 516 keV.
The prompt peak is followed by the slow decay curve
and subsequently the at background. The prompt peak
arises from the positron annihilations without Ps forma-
tion as well as the self-annihilations of p-Ps. The slow
decay part originates from the o-Ps annihilations. The
total annihilation rate of the o-Ps, 
oPs
, is obtained from
the slow decay part. It is the sum of the self-annihilation
rate, 
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is the rate of the picko quenching on the
grain surface, 
ox




is the rate of the spin-conversion on the O
2
molecule.
The latter two collisional quenching rates are propo-












is the quenching cross-section and v
Ps
is the
speed of the Ps. The speed of the o-Ps relative to the
target molecule has been replaced by v
Ps
, neglecting the
relatively small velocity of the molecules.
The initial kinetic energy of the Ps depends on whether
it is formed inside a SiO
2
grain or on a grain surface [11].
The Ps formed and thermalized inside a SiO
2
grain es-
capes into the free space between the grains with the
3kinetic energy of 1 eV determined by the negative work
function for the Ps. On the other hand, the Ps formed
on the surfaces of the grains is emmitted with the ki-
netic energy of 3 eV. It penetrates shallowly back into
another grain and thermalizes, and reemitted with the
kinetic energy of 1 eV.
Once the Ps energy reaches 1 eV, it does not enter
another grain any more. Then the energy loss of the Ps
becomes much slower [12, 13, 14]. This leads to the time
dependence of the collisional quenching rates, resulting
in time dependence of the total annihilation rate 
oPs
and subtle and complicated shape of the o-Ps time spec-
trum. The time spectrum cannot be represented as a
simple exponential decay before the o-Ps is thermalized.
Denoting the survival probability of the o-Ps up to time










)), the time spectrum is
given by



























are the absolute detection eÆciencies
for the -rays from the 3 annihilations and the 2 an-
nihilations, respectively, and N
0
and C are constants.
In order to determine the total annihilation rate

oPs
for the themalized o-Ps, we t the lifetime spec-
trum(Fig. 2) to a function A exp( t) + B, where A
and B are constants, and the parameter  is obtained as
the start time of the t t

is stepped out. The results are
plotted by triangles as a function of the start time of the
t in Fig.2. The tted  gradually decreases, indicating
the o-Ps slowing down process, and then becomes at,
indicating that the o-Ps is thermalized. Once the o-Ps is
thermalized, the tted  represents the total annihilation
rate of the o-Ps averaged over the Maxwell-Boltzmann
velocity distribution at the measuring temperature. The

oPs
for the thermalized o-Ps is determined from the
value in the region where the tted values are statisti-
cally consistent. We choose t



















where the quenching rates for the thermalized o-Ps
are represented with the superscript








is determined similarly from the measure-














= 7:040  0:003s
 1












































71 ns - 150 ns
FIG. 3: The energy spectrum of the annihilation -rays(closed
circles) for 1 atm of O
2
with the time range from 71 ns to 150
ns. The background has been subtracted. The open circles
show the o-Ps self-annihilation component.
Figure 3 shows an example of the time-selected energy
spectrum for 1 atm of O
2
measured by the AMOC. The
intensity and the shape of the background spectrum have
been estimated from the energy spectrum in the time
range from 400 ns to 700 ns and subtracted.
Figure 4 shows the Doppler broadening spectra in the
time ranges indicated. The spectra have been corrected
for the 3 annihilation component, which is estimated
using theoretical 3 spectrum convoluted with the energy
resolution curve, i.e., the shape of the 512 keV peak from
106
Ru and normalized to the counts in the energy range
from 485 keV to 500 keV, as shown in Fig. 3.
The spectra in Fig.4 are tted to two gaussian func-
tions(solid curves). The dashed curves show the broad
component. The width of this component was xed to
that of the picko component for SiO
2
aerogel only, be-
cause the change in the width due to the presence of O
2
molecules was not appreciable[8].
The spectra in Fig. 4(a) and (b) include the compo-
nents which contributes to the prompt peak; i.e., those
from the annihilations of the non-Ps positrons and p-
Ps. Hence they are not appropriate to the analysis. The
spectrum in Fig. 4(c) represents the 2 annihilations of
the thermalized o-Ps. The picko quenching gives the
extremely low intensity broad component representing
the momentum distribution of the electrons bound in O
2
molecules and those on the SiO
2
surfaces. The narrow
component results from the spin-conversion quenching
and represents the center-of-mass momentum distribu-
tion of the p-Ps at the moment of the annihilation after
the conversion from o-Ps. A log scale is used for the
vertical axis in Fig. 5 to blow up the picko quenching
component.




















7.4 ns - 14.8 ns

















FIG. 4: Examples of the time-selected energy spectra of the
511keV -rays for 1 atm of O
2
.





= (3:3 1:3) 10
 2
: (10)
An alternative analysis with the width of the broad com-
ponent as a free parameter gives a similar result. The
intensity of the 2 quenching component in the time-





spin), for the time range from t
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71 ns - 150 ns

























Combining the results (8)  (10), and (12), the quench-
ing rates for O
2
are obtained as,
















= 0:6 0:4 :
This value is on the order of magnitude as the other
gases [5].










This cross-section is for the elastic conversion process [8].
In conclusion, we have studied the 2 annihilation of





the elastic spin-conversion cross-section of the thermal-
ized o-Ps are estimated by separating the picko quench-







to be on the order of magnitude as the other gases.
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